Introduction
============

A pheochromocytoma is a rare neuro-endocrine tumor that arises from the chromaffin cells of the adrenal medulla with an incidence of 0.2--0.8 cases/100,000 persons/year, which present in 0.1--1% of patients with hypertension and approximately 5% of those with adrenal incidentaloma ([@bib1], [@bib2]). Pheochromocytomas include a series of clinical symptoms due to excessive catecholamine production, including hypertension, headache, excessive perspiration, palpitations, tremors, and facial pallor. These symptoms are often paroxysmal and can be spontaneous or induced by a variety of events, such as strenuous physical exertion, delivery, trauma, anesthesia induction, and surgery ([@bib3]).

Although the mainstay strategy for treatment of pheochromocytomas, surgery is associated with a high risk of perioperative morbidity ([@bib4]). It has been reported that mortality can be as high as 50%. However, due to widespread improvements in preoperative medical preparation, anesthesia, and surgical techniques, the mortality rate has been significantly reduced to 0--2.9% ([@bib3]). Nonetheless, morbidity is still common and difficult to manage ([@bib5]). Our previous study also demonstrated that the incidence of severe morbidity after surgery was as high as 29.8% ([@bib6]). At present, risk factors related to surgery-associated morbidity remain unclear due to the limited number of studies about this issue and the inconsistency of the conclusions.

A nomogram derived from predictive model is accepted as a reliable tool for predicting risk by incorporating and illustrating important predictors of significant clinical outcomes ([@bib7]) and assigning a numerical probability to the event. Therefore, the aim of the present study was to develop and validate a nomogram for prediction of severe morbidity after pheochromocytoma surgery.

Methods
=======

Patients
--------

Ethical approval (Ethical Committee No. 2019PS003K) was provided by the Institutional Research and Ethics Committee of the Shengjing Hospital Affiliated China Medical University in Shengyang, China, 14 January 2019. Informed consent from all eligible patients was obtained. The clinical research registry UIN is ChiCTR1900020811.

The development cohort of this study consisted of 262 patients who underwent pheochromocytoma adrenalectomy at our center between 1 January 2007 and 31 December 2016, while the validation cohort consisted of 128 consecutive patients from 1 January 2017 and 31 December 2018 who met the same inclusion and exclusion criteria. A flowchart illustrating the patient selection process is detailed in Supplementary Fig. 1 (see section on [supplementary materials](#supp1){ref-type="supplementary-material"} given at the end of this article).

A diagnosis of pheochromocytoma was confirmed by pathological examination and patients who underwent either unilateral laparoscopic or open adrenalectomy were included. The clinical stage was localized (apparently benign) with an American Society of Anesthesiologists (ASA) score of 1--3. Patients with a familial history of pheochromocytoma, those who were converted to laparotomy or underwent bilateral adrenalectomy or surgery for an ectopic pheochromocytoma were excluded.

Baseline characteristics
------------------------

Patient demographics (sex, age, BMI), comorbidity (ASA score, history of diabetes mellitus, coronary heart disease (CHD), hypertension, arrhythmia), disease characteristics (tumor side and size, tumor necrosis, enhanced CT difference), and extensive preoperative (use of alpha adrenoreceptor antagonists or crystal/colloid fluids, preoperative transfusion, 24-hour urine metanephrines/normal upper limit), intraoperative (surgical approach, surgical duration, intraoperative hemodynamic instability (IHD), estimated blood loss), and postoperative (severe morbidity) data were recorded.

Outcomes
--------

Data on severe morbidity were collected and classified according to the Clavien--Dindo guidelines ([@bib8]), with grade II and above indicating severe morbidity and grade I indicating mild morbidity during hospitalization. IHD was defined as the presence of at least once instance of intraoperative systolic blood pressure (SBP) greater than 200 mmHg and a mean arterial pressure (MAP) less than 60 mmHg, or the requirement for norepinephrine management or blood transfusion to maintain normal blood pressure intraoperatively ([@bib9]).

Continuous invasive arterial blood pressure monitoring and vasoactive agents administration are necessary to avoid IHD, such as sodium nitroprusside for controlling hypertension and norepinephrine or blood transfusion for hypotension.

Patients with typical biochemical and radiographic presentations of pheochromocytoma were treated with doxazosin, terazosin, or prazosin for at least 1--2 weeks before surgery. A beta adrenergic blocker was added to control for tachycardia, if necessary, but only added after alpha-blockade was applied. Fluid intake was encouraged. Patients with hypertension or a larger tumor size were treated by i.v. crystalloid and colloid fluid (2000 mL/day) or blood transfusion at 2--3 days before surgery. The criteria for preoperative medical preparation efficacy included blood pressure less than 130/80 mmHg, heart rate less than 90 beats/min, and hematocrit less than 0.45.

Statistical analysis
--------------------

Data were analyzed using IBM SPSS Statistics for Windows, version 22.0. (IBM Corporation), STATA 15.0. (Stata Corp., College Station, TX, USA), and R software (version 3.0.1; <https://www.r-project.org/>). The 'rms' and 'glmnet' packages in R were used in this study. The reported statistical significance levels were all two-sided, with a probability (*P*) value of less than 0.05 considered statistically significant.

Univariate analyses
-------------------

Normality of continuous variables was determined using the Kolmogorov--Smirnov test. Normally distributed continuous variables were presented as the mean ± [s.d.]{.smallcaps}, while non-normally continuous variables are presented as the median (interquartile range). The means of two continuous normally distributed variables were compared using the independent samples Student's *t*-test. The Mann--Whitney *U* test was used to compare two continuous non-normally distributed variables. Categorical variables are reported as the number (percentage). The chi-squared and Fisher's exact tests were used for comparison of categorical variables. In addition, patients with any missing data of the eligible variables were excluded from subsequent analysis.

The least absolute shrinkage and selection operator (LASSO) method, which is suitable for the reduction of high-dimensional data, was used to select the most useful predictive features from the primary data set in this study. All the clinicopathologic variables were reduced to limited potential predictors on the basis of 262 patients in the development cohort using the LASSO binary logistic regression model. If the penalization coefficient lambda (λ) is large, there is no effect on the estimated regression parameters, but as the λ gets smaller, some coefficients may be shrunk toward zero. We then selected the optimal λ in the LASSO model by using ten-fold cross-validation via minimum criteria and one [s.e.]{.smallcaps} of the minimum criteria (the 1-[s.e.]{.smallcaps} criterion). Finally, the model was re-fit by using all of the non-zero coefficients, which were selected by Lasso method.

The performance of this model was tested in the independent validation cohort. The logistic regression formula formed in the development cohort was applied to the validation cohort and used to calculate the probability for each patient. To quantify the discrimination performance of the model, the area under the receiver operating characteristic (AUROC) curve was measured. An AUROC of 0.5 indicated no discrimination, whereas 1.0 indicates perfect discrimination. Calibration plots were used to assess the calibration of the model, accompanied with both the unreliability test and the Hosmer--Lemeshow (H--L) chi-square statistic (*P* \> 0.05 indicates good calibration). Perfect calibration was indicated by a slope on the 45° line. Decision curve analysis was conducted to determine the clinical usefulness of the model by quantifying the net benefits at different threshold probabilities in the validation cohort.

Results
=======

After carefully screening with the same inclusion and exclusion criteria, 262 patients were included in the development cohort and 128 in the validation cohort. Of these, 78 (29.8%) patients in the development cohort and 43 (33.6%) in the validation cohort had severe morbidity (Clavien grade II and above), see details in [Table 1](#tbl1){ref-type="table"}. Table 1Univariate analysis of patients in the development and validation cohorts.Development cohort (*n* = 262)Validation cohort (*n* = 128)Without morbidityWith morbidity*P*-valueWithout morbidityWith morbidity*P*-value*n* = 184 (70.2)*n* = 78 (29.8)*n* = 85 (66.4)*n* = 43 (33.6)Demographic characteristics Mean age (years)51.3 ± 11.754.5 ± 14.10.05650.79 ± 13.0055.26 ± 14.000.076 Gender (male/female)104(56.5)/80(43.5)25(32.1)/53(67.9)\<0.00148(56.5)/37(43.5)17(39.5)/26(60.5)0.070 BMI (kg/m^2^)24.3 ± 3.522.0 ± 2.9\<0.00124.82 ± 4.0321.87 ± 2.67\<0.001 ASA score 1/2/345(24.5)/125(67.9)/14(7.6)17(21.8)/50(64.1)/11(14.1)0.25920(23.5)/61(71.8)/4(4.7)11(25.6)/26(60.5)/6(14.0)0.157Comorbidity Diabetes mellitus51 (27.7)28 (35.9)0.18728 (32.9)16 (37.2)0.631 Coronary heart disease54 (29.3)37 (47.4)0.00525 (29.4)20 (46.5)0.056 Hypertension Normal/intermittent/continuous73(39.7)/43(23.4)/68 (37.0)30(38.5)/31(39.7)/17(21.8)0.90832(37.6)/17(20.0)/36(42.4)17(39.5)/9(20.9)/17(39.5)0.954 Arrhythmia6 (3.3%)9 (11.5)0.016^b^2 (2.4)4 (9.3)0.178^b^Preoperative data Tumor side (left/right)89 (48.4)/95 (51.6)39 (50)/39 (50)0.80943 (50.6)/42 (49.4)25 (58.1)/18 (41.9)0.419 Radiographic tumor size (cm)5.2 ± 2.66.3 ± 2.90.0055.14 ± 2.605.87 ± 2.410.124 Tumor necrosis59 (32.1)37 (47.4)0.01818 (21.2)16 (37.2)0.052 Tumor enhanced CT difference (Hu)43.1 ± 20.745.5 ± 19.90.39342.89 ± 21.4646.30 ± 22.580.406 Use of α adrenoreceptor antagonists170 (92.4)70 (89.7)0.48080 (94.1)40 (93.0)0.542^b^ Use of crystal/colloid fluid101 (54.9)35 (44.9)0.13848 (56.5)20 (46.5)0.286 Use of blood transfusion50 (27.2)16 (20.5)0.25628 (32.9)8 (18.6)0.088 24-h urine metanephrines/normal upper limit1.4 (0.9--2.3)1.3 (1.0--2.2)0.658^a^1.45 (0.94--2.39)1.45 (1.03--2.23)0.646^a^Intraoperative data Laparoscopic vs open surgery97 (52.7)/87 (47.3)44 (56.4)/34 (43.6)0.58468 (80.0)/17 (20.0)38 (88.4)/5 (11.6)0.236 Duration of surgery (minutes)149 ± 66.0171 ± 73.00.018152 ± 69.8176 ± 65.70.057 IHD101 (54.9)65 (83.3)\<0.00141 (48.2)35 (81.4)\<0.001 Estimated blood loss (mL)200 (100--375)200 (100--500)0.152^a^200 (100--350)200 (100--500)0.626^a^[^1][^2][^3]

In the univariate analysis of development cohort, sex, BMI, CHD, arrhythmia, tumor size, tumor necrosis, IHD, and surgical duration were significantly associated with severe morbidity ([Tables 1](#tbl1){ref-type="table"} and [2](#tbl2){ref-type="table"}). Because the sample size in this study was inadequate to satisfy the recommended guide of events per variable ([@bib10]), LASSO binary logistic regression was used to construct the model. Based on all the relevant variables, The λ value was 0.017. Twenty-one features were reduced to seven potential predictors on the basis of the development cohort ([Fig. 1](#fig1){ref-type="fig"}). The seven variables with nonzero coefficients in the LASSO logistic regression model (i.e. sex, BMI, CHD, arrhythmia, tumor size, IHD, and surgical duration) were employed in the final model. Based on these results, we developed a prediction model and then a nomogram to predict the risk of severe morbidity after pheochromocytoma surgery ([Fig. 2](#fig2){ref-type="fig"} and [Table 3](#tbl3){ref-type="table"}).Figure 1Texture feature selection using the least absolute shrinkage and selection operator (LASSO) binary logistic regression model. (A) The Tuning parameter (λ) for the LASSO model was selected using ten-fold cross-validation via minimum criteria. Dotted vertical lines were drawn at the optimal values in reference to the minimum criteria and one [s.e.]{.smallcaps} of the minimum criteria. (B) A coefficient profile plot was produced against the log (λ) sequence. A vertical line was drawn at the value selected using ten-fold cross-validation. Figure 2Nomogram to predict severe morbidity after pheochromocytoma surgery. Each clinicopathological factor corresponds to a specific point by drawing a line straight upward to the points axis. The sum of the points located on the total points axis represents the probability of severe morbidity after pheochromocytoma surgery by drawing a line straight down to the risk axis. Table 2Severe morbidity of pheochromocytoma surgery.ComplicationsDevelopment cohort number 262 (100%)Validation cohort number 128 (100%)Severe morbidity78 (29.8%)43 (33.6%)Clavien II56 (21.4%)39 (30.4%) Postoperative prolonged hypotension29 (11.0%)20 (16.0%) Blood transfusion23 (8.8%)15 (11.2%) Delirium1 (0.4%)2 (1.6%) Arrhythmia2 (0.8%)1 (0.8%) Pneumonia1 (0.4%)1 (0.8%)Clavien III4 (1.5%)0 (0%) Hydrothorax (thoracocentesis)3 (1.1%)0 (0%) Hemorrhage (open laparotomy)1 (0.4%)0 (0%)Clavien IV14 (5.3%)4 (3.2%) Myocardial infarction4 (1.6%)0 (0%) Respiratory function failure6 (2.1%)2 (1.6%) Pulmonary embolism/deep vein thrombosis1 (0.4%)1 (0.8%) Stroke2 (0.8%)1 (0.8%) Ventricular fibrillation/flutter1 (0.4%)0 (0%)Clavien IV4 (1.5%)0 (0%) Mortality4 (1.5%)0 (0%)[^4] Table 3Multivariate binary logistic regression of severe morbidity.Intercept and variableβ95% CIOR95% CI*P*Intercept2.581−0.032, 5.19313.2070.969, 180.0530.053Gender (female/male)−0.930−1.564, 0.2950.3950.209, 0.7450.004BMI (kg/m^2^)−0.246−0.358, −0.1340.7820.699, 0.875\<0.001Coronary heart disease0.8030.165, 1.4412.2321.179, 4.2240.014Arrhythmia1.3100.010, 2.6113.7081.010, 13.6150.048Radiographic tumor size (cm)0.1230.006, 0.2391.1301.006, 1.2710.040IHD1.0580.321, 1.7952.8801.378, 6.0170.005Duration of surgery (minutes)0.0050.0002, 0.0101.0051.000, 1.0100.039Area under ROC curve Development dataset0.8070.751, 0.864 Validation dataset0.8180.745, 0.891[^5][^6]

Each clinicopathological feature corresponded to a specific point by drawing a line straight upward to the points axis. After the sum of the points was located on the total points axis, the sum representing the probability of severe morbidity was determined by drawing a line straight down to the risk axis. For example, a female patient (13 points) with history of CHD (12 points) and arrhythmia (19 points), her BMI was 20.0 kg/m^2^ (71 points), tumor size was 8 cm (14 points), surgical duration was 150 min (11 points), and IHD (15 points) occurred during surgery. This patient was assigned a score of 155 points and the suspected probability of postoperative severe morbidity was approximately 90% (Supplementary Fig. 2). This calculated outcome could be used in decision making for treatment plans.

The AUROC values of the development and validation cohorts were 0.807 and 0.818, respectively, and the cutoff value of risk probability in this model was 29.5% with a sensitivity of 76.9% and specificity of 73.9% ([Fig. 3A](#fig3){ref-type="fig"}, [B](#fig3){ref-type="fig"} and [Table 2](#tbl2){ref-type="table"}). The unreliability test statistic for calibration in validation was 0.01 with a *P* value of 0.440 and the E~max~ and E~avg~ values of 0.084 and 0.049, respectively ([Fig. 3C](#fig3){ref-type="fig"}). The H-L chi-square statistic was 10.01 with a *P* value of 0.4396, which suggested good calibration. The decision curve showed that if the threshold probability of a patient ranged from 15% to 65%, the use of this nomogram to predict severe morbidity after pheochromocytoma surgery was more beneficial than either the treat-all-patients scheme or the treat-none scheme. Within this range, net benefit was comparable.Figure 3AUROC, calibration, and decision curve analysis for the model. (A) The AUROC of the development cohort represents the discrimination ability of the model, as measured by the C-index. (B) The AUROC of the validation cohort. (C) The calibration plot shows the relationship between the predicted probabilities based on the nomogram and the actual values of the validation cohort. A plot along the 45° line indicates perfect calibration of the model, in which the predicted probabilities are identical to the actual outcomes. (D) Decision Curve Analysis: The net benefit is indicated on the y-axis. The blue line represents the nomogram. The black line represents the assumption that all patients have severe morbidity. The thin gray line represents the assumption that no patient has severe morbidity.

Discussion
==========

Resection is the primary strategy for treatment of a pheochromocytoma, but surgery is associated with a high risk of perioperative morbidity, even though preoperative medical preparation, anesthesia, and surgical techniques have been greatly improved in recent years ([@bib6]). Exploring the risk predictors for morbidity after pheochromocyma surgery will lead to better treatment outcomes, specifically risk factors associated with severe morbidity. Unfortunately, few retrospective, small size studies have addressed this issue, thus the risk factors are unclear and inconsistent. Nomogram has been accepted as a reliable tool to predict risk by illustrating important predictors of clinical events. Therefore, the aim of the present study was to develop and validate a nomogram for perioperative prediction of severe morbidity after pheochromocytoma surgery.

The Clavien classification was used to evaluate complications of pheochromocytoma with a focus on severe morbidity (Clavien grade II and above). In this study, 29.8% and 33.6% of patients in the development and validation cohorts had severe morbidity, respectively. These percentages were slightly higher than those in prior reports, in which the morbidity ranged from 0% to 20% ([@bib11], [@bib12]). The developed nomogram incorporated seven predictors (i.e. sex, BMI, CHD, arrhythmia, tumor size, IHD, and surgical duration) based on extensive clinicopathological data to predict the risk of severe morbidity.

For the construction of this model, 21 variables were reduced to seven potential predictors based on the development cohort with the use of the LASSO binary logistic regression model. The reason that that this model was selected based on this method instead of the minimal Akaike's information criterion (AIC) was that there was less severe morbidity events compared to the number of variables, which was not in accordance with the event per variable principle. Validation of the nomogram is important to avoid overfitting and to determine generalizability. In this study, the AUROC values of the validation cohorts demonstrated adequate discrimination (0.8183, respectively). Calibration plots also showed optimal agreement between prediction and actual observation, as confirmed by the Unreliability test and H--L test (*P* = 0.440 and *P* = 0.4396, respectively), which guaranteed the repeatability and reliability of the model. Decision curve analysis was applied in this study to explore clinical usefulness and showed that, if the threshold probability of a patient was 15% to 65%, use of this nomogram to predict the probability of severe morbidity after pheochromocytoma surgery was more beneficial than either the treat-all-patients scheme or the treat-none scheme. This range also covered the cutoff value of risk probability in this model (29.5%).

Brunaud *et al*. ([@bib9]) demonstrated that sex (female vs male) was an independent risk predictor of morbidity after unilateral laparoscopic adrenalectomy in a retrospective study of 225 pheochromocytoma patients. In line with this, our previous study also suggested that female sex was an independent predictor of severe morbidity (odds ratio = 2.62) ([@bib6]). As expected, this model also included the variable of sex because females have a lower effective circulatory volume as a result of lower body weight than that of males. Moreover, these patients had peripheral vasoconstriction induced by catecholamines secreted by a pheochromocytoma, which resulted in further reduction in effective circulatory volume and large blood pressure fluctuations during the perioperative period.

The risk regarding BMI has been previously reported by our group ([@bib6]), which was identified as an independent risk factor for severe morbidity. The mechanism may be the same as that of sex, as a lower BMI is associated with lower effective circulatory volume as a result of relatively lower body weight, thus resulting in large blood pressure fluctuations and a high incidence of IHD.

Usually, pheochromocytoma patients have a higher incidence of heart disease than those with essential hypertension, CHD, and arrhythmia ([@bib13]). The risk predictor of this model included both CHD and arrhythmia because the myocardium and coronary arteries are exposed to abnormal elevated levels of catecholamines for prolonged periods, which could lead to collagen deposition and fibrosis in the myocardium ([@bib13]). In line with this, a previous study also found that acute left cardiac dysfunction due to chronically high level epinephrine exposure was the root cause of prolonged hypotension and circulatory collapse after pheochromocytoma surgery ([@bib14]).

Our study showed that tumor size was also an effective predictor of severe morbidity. A relatively larger pheochromocytoma has a more prominent network of vessels and is associated with greater blood loss during surgery than smaller tumors ([@bib15], [@bib16]). Meanwhile, large tumors secrete higher levels of catecholamines, which can easily lead to greater blood pressure fluctuations during the perioperative period. Natkaniec *et al*. ([@bib15]) reported that intraoperative blood loss was significantly greater in patients with tumor diameters ≥6 cm than patients with tumor diameters \<6 cm based on 530 patients who underwent laparoscopic adrenalectomy. Agrusa *et al*. ([@bib17]) and other investigators ([@bib18]), however, reported that tumor size was not closely related with blood loss. One of the reasons for this discrepancy may be that the patients had various adrenal tumors in these studies, whereas our study focused on only patients with pheochromocytomas.

In this model, a longer surgical duration was also a predictor of severe morbidity. The surgical duration is prolonged due to the difficultly of the surgery, which is accompanied by greater blood loss and increased risks of organ injury and blood pressure fluctuations, subsequently resulting in postoperative morbidity. In our previous study, a longer surgical duration was also an independent risk factor for severe morbidity with an odds ratio of 2.563 ([@bib6]). This finding has not previously been reported.

The definition of IHD varies; our standard was the presence of at least once instance of SBP ≥ 200 mmHg associated with a MAP ≤ 60 mmHg or the requirement of norepinephrine agents or blood transfusion to maintain normal blood pressure intraoperatively. At present, IHD remains a common complication despite adequate preoperative medical preparation ([@bib19]) and is still the most important operative and anesthetic challenge during pheochromocytoma surgery. Hypertensive episodes occur mostly during intubation and separation of the tumor, while hypotensive episodes often occur after tumor resection ([@bib20]). Previous studies have reported that the incidence of IHD to be 39--48% among patients with pheochromocytomas ([@bib21]) and was confirmed as an independent risk factor for pheochromocytoma morbidity in a previous study ([@bib9]), in agreement with the present study, thus the proposed model also included IHD as a predictor of morbidity.

There were several limitations to this study that should be addressed. First, this was a retrospective study conducted in only one center. Secondly, peri-operative preparation strategies were varied and not standardized due to quite a long period of recruiting time; these differences may have influenced the final results. Thirdly, some variables that may be related to severe morbidity were not considered, such as patient symptoms, genomic characteristics, and the dose of pre-operative medical preparation, plasma metanephrine, and catecholamines in the analysis. Fourthly, this study is temporal external validation, which tested a model from older data on newer data in one center. Therefore, a multicenter cohort with standardization of pre-operative medical preparation, intra-operative anesthesia management, and the operative approach is required for validating this model. Lastly, validation using a Western cohort will also be needed prior to universal use of this nomogram, because the significant differences in genetic characteristics between the Eastern and Western cohorts should be considered. Anyhow, to the best of our knowledge, this is the first model for the prediction of severe morbidity after pheochromocytoma surgery and will likely have an impact on the treatment options, as well as the selection of patients who require additional therapy or intensive care. Doctors could perform an individualized prediction through this easy-to-use scoring system.

Conclusions
===========

A nomogram was developed to facilitate the individualized prediction of severe morbidity after pheochromocytoma surgery and may help to improve the perioperative strategy and treatment outcome.
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[^1]: Continuous variables Normal distributions (Mean age, BMI, Radiographic tumor size, Tumor enhanced CT difference, Duration of surgery) are reported as the mean ± [s.d.]{.smallcaps}, non-normal continuous variables (24-h urine metanephrines/normal upper limit, Estimated blood loss) as the median (interquartile range), and categorical variables (other variables) as the number (percentage). The Student's *t*-test was used to compare the means of two continuous normally distributed variables, and the Mann--Whitney *U* test was used to determine the means of two continuous non-normally distributed variables. The chi-squared test or Fisher's exact test were used to assess categorical variables.

[^2]: ^a^Mann--Whitney *U* test; ^b^Fisher's exact test.

[^3]: ASA, American Society of Anesthesiologists; IHD intraoperative hemodynamic instability; VMA, vanillylmandelic acid.

[^4]: Categorical variables were reported as the number (percentage).

[^5]: The β coefficient, odds ratio, and 95% CI were measured through binary logistic regression.

[^6]: IHD, intraoperative hemodynamic instability; OR, odds ratio.
